Abstract: Rotorcraft Aerial Manipulator (RAM) system is composed of a Rotorcraft Unmanned Aerial Vehicle (RUAV) and a multi Degree-Of-Freedom (DOF) manipulator, which is designed to fulfill aerial manipulation. Moments of inertia and center-ofmass position for RAM system vary when the manipulator moves. The influence of robot arm motion is treated as perturbations for RUAV in the process of overall system modeling. External force and torque acting on the RUAV body exerted by environment are also considered in system dynamics. A practical overall dynamics model is then obtained through analysis and simplification of the RAM system. The control system structure and corresponding simulation results under different controllers are presented. The gain schedule PID controller in this paper can stabilize the system while the robot arm moves.
Introduction
Unmanned Aerial Vehicles (UAVs) have played an important role in reconnaissance, surveillance and intelligence for military and civil application during past decades. Generally, the focus of previous research is to avoid interaction with environment. However, traditional ground and underwater robots have shown their powerful functions when mounting an arm on body. Thus, aerial manipulation becomes a research trend that has recently received great attention in the field of aerial robotics such as Rotorcraft Unmanned Aerial Vehicle (RUAV). Rotorcraft Aerial Manipulator (RAM), a RUAV equipped with a lightweight robot arm, greatly increases the utility of both the manipulator and the UAV in 3-dimensional space including operations in the air.
In recent years, more and more attention has been paid on the development of RUAV capable of physically interacting with objects in the environment. DLR aerial manipulating robot [1] , composed of a RUAV and a seven Degree-OfFreedom (DOF) industrial manipulator, is able to grasp a straight pole on ground and their research studied the movement of center-of-mass when grasping. Drexel Autonomous Systems Lab has launched a series of research work to achieve dynamic stability during aerial manipulation [2] , where system moment of inertia and center-of-mass constantly fluctuate. Additionally, other groups have also analyzed the stability with changing mass-inertia parameters of system which introduced by the motion of multi-link manipulator or by the grasped object [3, 4, 5] . Although a lot of work has been done in dynamic model of a RUAV mounted with a multi DOF manipulator and different control strategies also show their effectivity to some degree to deal with the complex system, little work has been done to try to figure out how these changing mass-inertia parameters affect the system. Generally, the goal of manipulator motion is mainly to maintain desired end-effector pose to manipulate or grasp This work is supported by the National Natural Science Foundation of China (Grant No. 61433016 and 11602283).
objects rather than enhancing the whole system stability in this task-oriented operating process. Therefore, stable states of RUAV system are naturally taken as criterion of stability for the overall RAM system, while the states of manipulator are not included. Then, motions of robot arm are treated as perturbations for RUAV [6] . That is, states of manipulator system cannot be used to indicate RAM system stability, but the coupling between RUAV and manipulator can. Thus, the overall dynamics model of RAM system should consist of RUAV dynamics model and the coupling disturbance. Compared to existing work [7] , a full-state high fidelity dynamics model will not be constructed in this paper. Nevertheless, moments of inertia and centerof-mass position of the overall RAM system, which vary when the manipulator moves, become the focus. In addition, external force and torque acting on the RUAV body exerted by environment are also considered in system dynamics. Gain schedule PID controllers are designed to make switch to stabilize RUAV attitudes during the process. In this paper, a tightly-coupled dynamic model for RAM system, as shown in Fig.1 , is constructed. The overall dynamics of RAM system is described in Section 2. Analysis and simplification for overall dynamics are presented in Section 3. Next section (Section 4) describes gain schedule controller design and simulation results analysis. The future work is included in conclusion finally. The gain schedule Proceedings of the 36th Chinese Control Conference July 26-28, 2017, Dalian, China PID controller in this paper can stabilize the RAM system while the manipulator arm moves.
Model for Overall Dynamics of RAM System
The RAM system dynamics is composed of three parts: the RUAV dynamics, the coupling between body and arm, and the external force and torque acting on the body. RUAV dynamics typically describes body translational and rotational motion driven by propellers. The coupling presents the manipulator movement influence on RUAV, denoted by moments of inertia and center-of-mass displacement of system. The external force and torque are introduced into RAM system due to interaction with the environment.
Aerial Manipulator Model
The construction of RAM system is shown in Fig.1 . A three-link robot arm is rigidly mounted under the fuselage, and its base is taken as part of the RUAV. The RAM system is treated as an aerial robot arm in the process of manipulator modeling. Hex-rotor has similar aerodynamic characteristics with quadrotor, and then the quadrotor is taken as an example in dynamic modeling process. Typical robot arm is a serial-link manipulator. Reference frames distribution on the aerial robot arm are shown in Fig.2 . The body-fixed frame {B}, end-effector frame {E}, and link frame { i }, (i = 0, ..., 3) are defined respectively on it. J nti , (i = 1, 2, 3) orderly denote three joints of robot arm. Note that this aerial manipulator has 4 links in total, making the base frame { 0 } coincident with the body-fixed frame {B}. Each link, numbered i from 0 to 3, has mass m i , center-of-mass position
T , and tensor of inertia 
To facilitate describing the location of each link and endeffector, the modified Denavit-Hartenberg (DH) method is used, and DH parameters are shown in Table 1 , [8] . θ i0 , (i = 1, 2, 3) are initial position values of joint angles. Besides,
T represents joint space. It can easily get a 4×4 homogeneous transformation matrix i-1 i T which includes a 3×1 translation vector i-1 P i and a 3×3 rotation matrix
where cθ i is shorthand for cos θ i , sθ i is for sin θ i , 0 1×3 is the 1×3 zero vector. The end-effector position in body-fixed frame {B} can be calculated based on manipulator forward kinematics by chain-multiplying matrices together:
The RAM is a multi-rigid-body system, and it can be divided into four main parts: fuselage base 0, link 1, link 2, and link 3 with added end-effector, each of which has respective mass m i . Thus, the RAM system total mass m= 3 i=0 m i . The position vector of each body center-ofmass in frame {B}, can be expressed as
where OC i 4×1 is the homogeneous coordinate representation of OC i 3×1 , and E 3 is 3×3 unit vector. Therefore, the varying center-of-
T can be easily calculated by summing all the position vector from the center of quadrotor construction, weighted by their respective mass:
The moment of inertia tensor J(Θ) for RAM system is to summarize all moments of inertia of links [9] , which is calculated by 
and also the commonly used formula is ξ×υ=ξ * υ for any three-dimensional vector υ.
When manipulating in air, contact forces from environment cannot be ignored [10] . P 0E is end-effector position in frame {0} shown in Fig.2 , which can be calculated based on equation (2) . Environment force F en3×1 and torque M en3×1 acting on the end of manipulator need to be transformed into body frame by Jacobian matrix J b (Θ) [11] , which given as
RAM System Dynamics
Next is to model the dynamic flight feature of the aerial manipulator system. The quadrotor dynamics model can be derived based on Newton-Euler equations with some assumptions: propellers are rigid, ground effect is ignored, and etc. The earth-fixed inertial frame {I} with North, East and Downwards axes, and the body-fixed frame {B} with its X B ,Y B ,Z B -axis pointing towards propeller 1,2 and the ground,vare shown in Fig.3 . The absolute position of RUAV body in frame
And its attitude is defined by Euler angles Φ = [φ θ ψ]
T . R Φ describes the orientation from body frame to inertial frame, and is shown as
The center-of-mass movement of overall system is assumed to be near by the lateral plane X B OY B , and its position is indicated OM in frame {B} as shown in Fig.3 . In order to explain clearly, a new frame {B } is built, which is the translational operation of {B}. Now, the position of {B} in the new frame {B } is expressed with vector −OM . Although the moment of inertia (5) are around the three axes of frame {B}, the new moment of inertia tensor J(Θ) can be easily calculated by using the parallel axis theorem. And the RAM attitude defined with {B } approximately equals to the RUAV attitude defined with {B}, for the two frames are defined on the same body without rotation.
The RAM system is a six DOF rigid body described by three translations
T and three rotations
The dynamics is [12] :
where Fig.3, where Ω i (i = 1, ..., 4) indicates the i th propeller speed. Then, the total thrust F P and total moment M P about three main axes produced by the four rotors are
where the parameter b and d are thrust and torque coefficients related with air density, blade area, radius of blade, etc. l is the distance from each rotor to RUAV geometric center. M m (Θ) is the coupling torque generated by the four propulsion forces whose acting points are displaced from the overall center-of-mass and indicated with r i (i = 1, ..., 4) shown in Fig.3 which depend on Θ of the manipulator, as
Then, the RAM system roll and pitch torques resulting from the displacement of each propeller from the center-of-mass are expressed with M OM as
where M P xy represents the quadrotor roll and pitch torque from actual propeller aerodynamics, which included in M P . −OM (Θ) ×F P is the coupling torque owing to the variation of center-of-mass OM , and expressed with M m (Θ) , which is shown as
So far, the nonlinear and tightly-coupled dynamics model for the RAM system is constructed.
Analysis and Simplification for the Overall Model
Compared with RUAV body dynamics, the overall RAM dynamic (8) and (9) have three differences: moment of inertia tensor J(Θ), coupling torque M m (Θ), and external force F e and torque M e . Note that the external force and torque exerted by environment are not considered here, that is, F en =0 and M en =0 result in F e =0 and M e =0 in (8) and (9) . In this section, the coupling terms will be analyzed at first, and then a practical model will be presented with reasonable simplification.
Analysis of the Overall Model
The total mass m of RAM system is a constant while the manipulator gripper can grasp objects with ignored masses.
Then, the translational motion dynamics (8) of RAM has the similar form with RUAV. Thus, more attentions are paid on the attitude dynamics (9) . Based on the coupling torque (15), the following can be get:
As shown above in (16), the outer product of OM (Θ) and F P shows that the result does not contain the term OM z , though it exists in OM (Θ). That is, the center-of-mass movement along the vertical axis Z B -axis is not relevant to the coupling mentioned above.
Simplification for the Overall Model
The RAM system parameters are list out in Table 2 However, the end-effector usually has limited workspace in practical aerial manipulation for some reasons, such as security, structural constraints, operational requirements, etc. Next, the case that the center-of-mass OM (Θ) is restricted to the longitudinal plane X 0 OZ 0 will be studied firstly, with joint angles θ 1 = 180
. Then, the variations of moments of inertia J(Θ) and Centerof-mass OM (Θ) with respect to joint angles θ 2 and θ 3 , are shown in Fig. 5 and Fig. 6 respectively.
Compared to the principal moments of inertia J xx , J yy , J zz in Fig.5 , the product of inertia J xy , J xz , J yz always are small values, even θ i , (i = 1, 2, 3) get arbitrary values in joint space Θ. Thus, J(Θ) = diag{ J xx , J yy , J zz } is reasonable. Furthermore, the relative displacement of center-of-mass is usually a small value, due to the limited payload of quadrotor and the limited length of robot arm links. In this case, the moment of inertia around the axis of frame {B } approximately equals to that around the corresponding axis of frame {B} with acceptable error, while J(Θ) still depends on the three joint angle variables.
And a quadrotor in the maneuvering flight is also impacted by gyroscopic torque M Gy which is
(17) where J r is the rotational moment of inertia around the rotor axis, and Ω r is the rotors relative speed and defined as Ω r =− Ω 1 +Ω 2 − Ω 3 +Ω 4 . Then, the overall system model can be expressed as ⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩v x = (sinθcosψcosφ + sinψsinφ) (19) where
The center-of-mass OM (Θ) depends only on the three joint angles, and is given as: 
Additionally, the specific form of the moments of inertia J(Θ) is too large to be presented in the limited space.
Simulation and Analysis
The RAM system is designed to achieve aerial manipulation, such as grasping or manipulating object, while ensuring the safety and stability of RUAV in this task-oriented operating process. Cascade PID controller is usually applied to UAV, but it is not able to stabilize the RAM system with the variable center-of-mass and moment of inertia as robot arm moves. Next, a gain schedule controller is firstly designed to guarantee attitude stability, and then simulation analysis will be presented.
Gain Schedule Controller Design
The nonlinear coupling system model is obtained as indicated in (18) and (19). The RAM system generally do aerial manipulation near hover flight. Therefore, the gyroscopic torques in (19) can be ignored, R r in (10) is close to identity matrix, and u 1 = b(Ω When robot arm does not move, this system is exactly a RUAV system. Then, a feedback linearization is applied to RUAV attitude dynamics [13] , the corresponding mapping relationship between new virtual input variables u * 2 , u * 3 , u * 4 and original variables u 2 , u 3 , u 4 are
As parameters k 2 , k 3 , k 4 < 0, RUAV attitude stability can be guaranteed to be asymptotically stable at the operating point of feedback linearized system [14] . Then, a linear controller, e.g. u * 3 =k
, is applied to this system with constant parameter k P 3 , and a closed-loop system of second order with the transfer function can be get
By adjustment of the pair of parameters (k 2 , k
, respectively with the only limitation that the parameters k 2 , k 3 , k 4 
can be set as desired value to obtain the corresponding system dynamic performance. The damping factor ζ in attitude-loop is λ 1 < ζ < λ 2 , leading that
. As RAM center-of-mass and moment of inertia change due to the movement of robot arm, the attitude-loop controller parameter k P 3 will be adjusted along with ρ(Θ) and ξ (Θ). That is, ζ ∈ [λ 1 , λ 2 ] is firstly obtained from actual system, and ρ(Θ) and ξ (Θ) can also be get when planning manipulator motion. Then, k P 3 is adjusted with principles that k 
Simulation and Analysis
An aerial manipulation for RAM system contains two main steps:
Step 1 is the system is navigated to target area;
Step 2 is adjusting and maintaining a desired end-effector pose. Then, the simulation structure is presented below in Fig.7 , in which the attitude stability is guaranteed by gain schedule controller and altitude and position are controlled by PID. • , where the height is −5 m for the Z-axis points downwards in NED frame {I}. The manipulator original position is shown in Fig.8-(a) before arm movement. Then, it extends to the position shown in Fig.8-(b) . The variation of center-of-mass and moment of inertia during this process are shown in Fig.9 . Note that the RAM system is already in a stable hover flight before the time t 1 =30 s. Then, the robot arm moves in the time range from t 1 =30 s to t 1 =40 s, and maintains the desired end-effector pose from t 1 =40 s to the end. The simulation results from t 1 =25 s to t 1 =60 s are presented in the following. General PID controllers can hardly guarantee stability of the system while the robot arm is moving. The position and attitude angles of RAM system changes greatly leading to the system crash as shown in Fig.10 . To stabilize the system during aerial manipulation, the gain schedule controller is applied ,which is able to ensure the RAM system stability during the robot arm extending as shown in Fig.11 . Due to the displacement of center-of-mass, an additional torque is generated by four propulsion forces. However, with the effect of controller, the attitudes fluctuate and gradually tend to be stable. Moreover, only the system pitch angle θ fluctuates shown in Fig.11-(b) , which is because the centerof-mass motion is restricted to the plane X 0 OZ 0 owing to θ 1 =180
• in the simulation as shown in Fig.9-(a) . The angular velocity q is also presented in Fig.12 due to the same reason. 
Conclusion
In this paper, the problems in aerial manipulation are analyzed and an overall dynamic model of the RAM system is constructed. The analysis and simplification for the overall model are presented. Then, a gain schedule controller is applied to stable the system. Simulations are performed to illustrate the influence introduced by manipulator movement. It is shown that the stable system performance can be obtained with gain schedule controller.
In the future, the external force and torque exerted by environment will be considered in practical aerial manipulation.
